Quantification of adult cerebral hemodynamics by near-infrared spectroscopy. J. Appl. Physiol. 77(6): 2753-2760, 1994.-Near-infrared spectroscopy was used to measure global cerebral blood flow and volume in 10 healthy adult volunteers. High-and low-cerebral blood flow compartments were detected with mean flows for all 10 subjects of 59 t 21 (SD) and 11 t, 4 ml. 100 g-' l min-', respectively. The mean cerebral blood volume of the group was 2.85 + 0.97 ml/l00 g. Analysis of spontaneous changes in the cerebral concentrations of oxyhemoglobin and deoxyhemoglobin demonstrated strong correlations between respiratory rate and the oscillation frequency of cerebral oxyhemoglobin concentration (r = 0.99) and arterial oxygen saturation (SaoJ (r = 0.99). An estimate of the mean cerebral oxygen saturation for all subjects averaged 59.4 t 12.4% when their mean Saoz was 91.8 t 2.4% (equivalent to 67.6 t 13.8% at a normoxic Sao, of 98%). These results demonstrate that near-infrared spectroscopy can be used as a noninvasive bedside technique for both qualitative and quantitative evaluation of cerebral hemodynamics and oxygenation in adults. cerebral blood flow; cerebral blood volume; mean cerebral saturation
compartments were detected with mean flows for all 10 subjects of 59 t 21 (SD) and 11 t, 4 ml. 100 g-' l min-', respectively. The mean cerebral blood volume of the group was 2.85 + 0.97 ml/l00 g. Analysis of spontaneous changes in the cerebral concentrations of oxyhemoglobin and deoxyhemoglobin demonstrated strong correlations between respiratory rate and the oscillation frequency of cerebral oxyhemoglobin concentration (r = 0.99) and arterial oxygen saturation (SaoJ (r = 0.99 ). An estimate of the mean cerebral oxygen saturation for all subjects averaged 59.4 t 12.4% when their mean Saoz was 91.8 t 2.4% (equivalent to 67.6 t 13.8% at a normoxic Sao, of 98%). These results demonstrate that near-infrared spectroscopy can be used as a noninvasive bedside technique for both qualitative and quantitative evaluation of cerebral hemodynamics and oxygenation in adults. cerebral blood flow; cerebral blood volume; mean cerebral saturation NEAR-INFRAREDSPECTROSCOPY (NIRS)isbecomingincreasingly widely used as a noninvasive technique for monitoring the blood and tissue oxygenation of intact organs. To date, the technique has principally been applied to measuring neonatal cerebral hemodynamics (32) and in particular to quantifying cerebral blood flow (CBF) (7) cl an cerebral blood volume (CBV) (33) . A few studies of qualitative changes in cerebral oxygenation in adults have been published (2, 12, l4) , but no quantitative measurements have been reported.
Measurements of CBF in the adult are used in the management of a wide variety of conditions, for example, severe brain injury, cerebrovascular disease, and senile dementia (16, 22, 26) . Current measurement techniques employing, for example, 133Xe washout, Xe computed tomography, and positron emission tomography (PET) involve ionizing radiation and cannot be used repeatedly in patients. The NIRS technique for measuring CBF employs a modification of the Fick principle in which a rapidly induced change in arterial oxyhemoglobin concentration ( [ HbO,] ) is used as an intravascular tracer and its rate of accumulation in the brain is monitored. Because the technique does not involve ionizing radiation or the injection of an intravascular tracer, the measurement can be made repeatedly at the bedside. The technique has been successfully validated in the neonate by comparison with the 133Xe washout method (25) and in the adult forearm by comparison with venous occlusion plethysmography (6).
CBV can also be measured by NIRS at the bedside, since, as for measuring CBF, it requires only a small change in cerebral [HbO,] , although it is induced much more slowly. Independent validation of this technique has not yet been performed, but values for CBV obtained in studies of human neonates were closely similar to the only other available data, which were obtained by PET (1) .
The purposes of the present study were to 1) obtain the first measurements by NIRS of CBF and CBV in healthy adult volunteers and 2) investigate whether a value for mean cerebral oxygen saturation (Smco,) could be obtained from respiratory-induced fluctuations in cerebral [HbO,] and deoxyhemoglobin concentration ([ Hb] ).
THEORY NIRS. The theory of NIRS has been described elsewhere (4). Briefly, the technique depends on absorption by the chromophores oxyhemoglobin (HbO,) and deoxyhemoglobin (Hb) of near-infrared light transmitted through the organ of interest. Changes in the concentration of these chromophores can be quantified using a modified Beer-Lambert law, which describes optical attenuation in a highly scattering medium (5) I attenuation (OD) = log f = CVCLB + G
where OD is optical density, I0 is the incident light intensity, I is the detected light intensity, cy is the absorption coefficient of the chromophore (in rnM-'a cm-'), c is the concentration of chromophore (in mM), L is the physical distance between the points where light enters and leaves the tissue (in cm), B is a "pathlength factor" that takes into account the scattering of light in the tissue, and G is a factor related to the tissue geometry. If measurements are made of the changes in attenuation, then L, B, and G can be assumed to remain constant and changes in chromophore concentration in mM can be derived from
where A indicates a change in the parameter. The absorption coefficients of HbO, and Hb have been measured in pure hemoglobin solutions (3, 31). The pathlength factor B, usually described as the differential pathlength factor (DPF), has been determined in the adult head by measurement of the time of flight of ultrashort pulses of light through the head to have a mean value of 5.93 t 0.42 (SD) (28).
The loss of light across the adult head (w 12-16 OD) prevents NIRS measurements from being made by linear transmission of light from one side to the other. Partialtransmission spectroscopy was therefore performed with transmitting and receiving fibers placed -5 cm apart on the same side of the head. Experimental data and results from modeling of light interaction with tissue justified the use of this geometric arrangement (28).
Measurement
of CBF. The Fick principle states that the rate of accumulation of a tracer in an organ is equivalent to the difference between its rate of arrival (flow X arterial concentration) and its rate of departure (flow X venous concentration).
If the rate of accumulation is measured within the minimum transit time of that tracer through the organ, then the venous outflow will be zero. Flow can then be calculated from the ratio of the quantity of tracer accumulated to the quantity of tracer introduced during time t (7).
When a sudden increase is induced in fractional arterial oxygen saturation (Sa,,), the resulting initial increase in cerebral [HbO,] represents the accumulation of the tracer. If excessive change in arterial PO, (Pa,,) is avoided, then the contribution of dissolved oxygen in the plasma can be disregarded and the actual quantity of tracer introduced is given by the integral of A&, with respect to time multiplied by the total concentration of hemoglobin in the whole blood ([Hb,] 
where K is a constant
where MW, is the molecular weight of hemoglobin and dt is the cerebral tissue density (in g/ml). The NIRS technique can also monitor cerebral hemoglobin flow in millimoles per liter per minute (6) without the need for additional constants, and when multiplied by four (the oxygen capacity of a hemoglobin functional unit) it gives the oxygen flow to the tissue (neglecting dissolved oxygen in the plasma). In line with common practice, CBF is quoted here in milliliters per 100 g per minute and using an assumed dt of 1.06 (30 is thus twice the amplitude of the corresponding signal representing the change in [HbO,] alone. To improve the signal-to-noise ratio of the NIRS data, Es. 3 can therefore be modified to CBF (ml l 100 g-l l min-')
= 2[Hb,l J4, ASa,,dt = 2[Hb,l fk ASa,dt Thus, to calculate CBF, simultaneous arterial pulse oximetry (to measure Sao,) and NIRS measurements are made while the subject's inspired oxygen fraction (FI& is first slowly reduced to provide a stable baseline at a lowered Sk, and then rapidly increased to produce the required sudden rise in Sa,,. The particular problems and sources of error associated with the data analysis techniques and choice of instrumentation have been considered in detail elsewhere (8). The relatively short adult cerebral vascular transit time (18) requires that a high sampling rate be achieved by both the NIRS and the pulse oximeter.
Measurement of CBV. Details of the NIRS technique for the quantification of CBV in the neonate have previously been described (33). The measurement relies on the induction of a small slow change in Sao, (4-8% over 2-5 min). If CBF, CBV, and oxygen consumption remain constant during the maneuver, then the consequent change in cerebral [HbO,] is equivalent to the product of the total cerebral hemoglobin concentration ([ Hb, J) and the change in fractional Sao,. If CBV is constant, then [Hb& can be used to describe [Hb,,] [Hb, c] (mmol'l) = 2ASa 02
To convert the data from millimoles per liter to milliliters per 100 g, the same constant K described in Eq. 4 is used together with a value of 0.69 for the cerebral largeto-small vessel hematocrit ratio (CLVHR) (17) CBV (ml/100 g) = mmwfl B[HbJ . Asa,, l Five measurements of CBF, CBV, and Smco, were made on each of 10 male subjects (age range 24-36 yr, median age 27.5 yr) who had no known respiratory or circulatory disorders. This study was approved by the University College London Faculty of Clinical Science Committee on the Ethics of Clinical Investigation, and informed consent was obtained from the subjects before each investigation.
Instrumentation.
Near-infrared light was carried to and from the near-infrared spectrometer (NIRO 500, Hamamatsu Photonics KK) through fiber-optic bundles. The optodes were posi- tioned high on the left side of the forehead 4-5 cm apart just below the hairline but avoiding positions near the temporalis muscle and sinuses ( Fig. 1 ). The optodes were held in position with double-sided adhesive rings and self-adhesive tape, and the head was then wrapped in black cloth to reduce background light. The prototype NIRO 500 used in these studies used pulsed laser diodes at three wavelengths (775,829, and 909 nm) as its light source and a photomultiplier tube for detection.
Data were collected every 0.5 s, and the changes in [HbOJ and
[Hb] were calculated using a previously established algorithm ($31).
Sac2 and heart rate were monitored from the ear with a pulse oximeter (Novametrix 500) modified to measure in beat-tobeat mode. Transcutaneous Pcoz (Ptc& was monitored using a transcutaneous blood gas electrode (Novametrix 850). The analog outputs of both the oximeter and transcutaneous monitor were linked directly to the spectrometer for real-time display and storage along with the NIRS data.
A modified anesthetics trolley supplied a controlled mixture of nitrogen and oxygen to the subject via a Waters bag and mouthpiece. A separate circuit supplied 100% oxygen to a second Waters bag. Both bags were connected to the mouthpiece by a two-way switch valve, which allowed the gas the subject was breathing to be changed from a hypoxic mixture to 100% oxygen virtually instantaneously. The subject wore a noseclip to ensure that the Fb, was well controlled, and a flap valve vented expired gas to the atmosphere to prevent rebreathing.
Procedure. All measurements were made with subjects lying flat on a couch. The subject initially breathed through the mouthpiece from the first Waters bag. The FI,, in this circuit was then gradually reduced over 3-4 min until a baseline Sac,, of 85-90% was achieved. This baseline was maintained for l-2 min, and then at the end of an expiration the valve was switched to allow the subject to inspire 100% oxygen for the next breath, which caused the Sao, to rise to 98-99% within 1.5-2 s. After one or two breaths of 100% oxygen, the noseclip was removed so that the subject could breathe room air. This method allowed a constant breathing rate to be maintained while Sa, was lowered (for the CBV maneuver) and then rapidly increased (for the CBF maneuver) but avoided Pao, rising to very high levels, which might cause cerebral vasoconstriction (24).
It was observed that, as Fb, was reduced to produce mean Sao, values of -90%) oscillations were evident on the Saoo, [HbO,], and [Hb] signals. To investigate whether the oscillations were related to the respiratory frequency, an additional experiment was performed on one subject (stiject A). The output from a pulse generator was fed into a loudspeaker to produce an audiosignal with a controllable frequency. The subject was then requested to breathe in time with the audible pulse while Sa, was reduced to a mean value of 90% and maintained at that level for ~5 min. This procedure allowed breathing to be controlled at a constant and known rate. The pulse generator frequency was altered, and the procedure was repeated for breathing rates of 2, 3, 4, 6, 8, and 10 breaths/n&.
A venous blood sample was taken from each subject, and [HbJ was measured by a Coulter counter.
Data analysis. CBF CALCULATIONS. A full description of the analysis technique for adult CBF has already been given (8). A cerebral vascular transit time of 4 s was estimated from the Stewart-Hamilton equation using PET data for adult CBV and CBF (18) . The cumulative Saoz integral was calculated over eight data points and was plotted against the temporally corrected rise in [Hb,] . Because the rate of tracer accumulation was not constant, a fourth-order polynomial was fitted to the data and a first-order differential of this polynomial was used to calculate the instantaneous values of CBF. The CBF-time curves calculated from the analysis of each of the five measurements were averaged to produce a mean CBFtime curve for each subject, which consisted of high-and lowflow components. The average value of the initial maximum CBF from this curve was calculated. The mean value of the late low-flow component was calculated by averaging those values between 1.5 and 3.0 s on the CBF-time curve.
CBV CALCULATIONS. CBV was calculated from the initial gradual reduction of Sac,. Ten seconds of data at the beginning and at the end of the FI,, decrease were averaged to produce mean values for ASao, and A[Hb,], which were incorporated into &. 7 and used to calculate CBV.
MEASUREMENT OF SmC,. The instantaneous Smcoz of the changing blood volume was calculated throughout five cycles for each of the 10 subjects. To do this, a section of [HbO,] data the length of one cycle was regressed with the equivalent [Hb,,] data for that time period. Smco, was then calculated from the gradient of this regression as mdicated in Es. 8. To investigate whether the calculated saturation varied throughout the cycle, the procedure was then repeated using data blocks of the same length but shifted along by 0.5 s for each regression. This step built up a "rolling average" of Smc,, over several cycles. Smco, was plotted for each subject, and the mean Smcoz for all 10 subjects was also calculated.
OSCILLATION OF NIRS AND Sa, SIGNALS. To investigate the relationship between respiratory frequency and the oscilla- eight points for all subjects and the overall mean for each time period. (The negative flow values of the final point of each curve are an artifact due to the effects of the polynomial fit and are included only to demonstrate the pattern of the flow distribution.) From a total of 50 measurements made, 9 were rejected and excluded from the CBF calculations. Criteria for rejection included conditions wherein CBV was changing significantly during the measurement {defined as a change in [Hb,,,l of 230% of the change in [Hbdiffl (33) ). The mean of the initial CBF value for each subject was 59 t 21 ml l 100 g-' . min-', and the mean of the late flow component was 11 t 4 ml l 100 g -' l min? The intrasubject coefficient of variation for the maximum CBF measurements ranged from 9 to 45% (mean 19%), and the intersubject variation was 34%. The absolute values of PtccoQ did not vary by more than 0.53 kPa during any of the measurements. The mean change in [Hb,,,] tions seen on both the oximetry and NIRS data at lower values of FIoz (Fig. ZA) , a fast Fourier transform was performed on the Sa, signal of subject A and the dominant frequency was correlated with the breathing rate.
RESULTS
CBF measurements. Figure 2A shows an example of the NIRS and Sa,, data collected during a CBF measurement. The oscillations and rapid step change in Sao, and the time delay between the NIRS and Sao, signals can be seen on an expanded scale in Fig. 2B . Figure 3A shows the plot of the cumulative Sao? integral against the rise in [HbJ for these data, and Fig. 3B is the corresponding CBF-time curve. Figure 4 shows the CBF-time curves calculated over only 28 proved suitable for calculation of CBV. Rejection criteria were as described for CBF measurements. The mean CBV from all 10 subjects was 2.85 t 0.97 ml/l00 g. The intrasubject coefficient of variation for the CBV measurements ranged from 6 to 38% (mean 24%), and the intersubject variation was 34%. The mean change in Ptc coa during each measurement was 0.09 2 0.08 kPa.
Measurement of Smc,,. For all 10 subjects the mean calculated Smcoz was 59.4 t 12.4% at a mean Sao, of 91.8 + 2.4%. The instantaneously calculated SmcOz exhibited -no significant periodicity when plotted over several cycles.
Oscillation of NIRS and Sa, data. An example of the oscillating [HbO,] and Sa,, signals from the data recorded from subject A is shown in Fig. 5 . Figure 6 shows a plot of the signal generator frequency (i.e., breathing rate) against the dominant frequency of the fast Fourier transform of the Sa,, and [HbO,l signals. The regression of the oscillation frequency (y) on the breathing rate (x) for all data points was y = 0.99x + 0.001; ? = 1.00 for Saoz and y1 = 0.98% + 0.000; ? = 0.99 for [HbOJ. There was a mean time offset between the cerebral [HbO,] NIRS. When interpreting the results, the possible sources of error inherent in any application of the NIRS technique must first be considered.
An important question is whether in adults near-infrared light adequately penetrates the ce rebral compartment. A discussion of the qualitative effects of bone and surface tissue blood flow to the calculated CBF has already been considered (8). Recently a study has been completed wherein the contribution of scalp blood flow has been quantified. Parallel measurements of CBF and CBV were made with NIRS in subjects wearing a tourniquet inflated to arterial pressure around the base of the skull and around the forehead to occlude scalp circula- :: 90 epileptic focus region. Laser-Doppler flowmetry was used to confirm that the hemodynamic changes did not originate from the scalp, thus providing more evidence that NIRS monitors predominantly the brain. (29) used NIRS to study the cerebral hemodynamic changes in adult epileptic patients during spontaneously occurring complexpartial seizures, and large increases in both [HbO,] and [Hb,,,] were seen only with the optodes placed over the length of the light propagated through the tissue is required. The light entering and leaving the head passes through tissue such as skin, fat, muscle, and bone as well as brain. In neonates, in whom the skull thickness is lower and calcification is less developed, the contribution of extracerebral tissues is thought to be minimal. In adults, the thickness of skin, bone, and muscle is greater and is therefore more likely to affect the pathlength and distribution of light in the head. The practical limitations of light detection mean that an optode spacing of 4-6 cm must typically be employed. This relatively small optode spacing (in proportion to the size of the adult head) may reduce the thickness of brain tissue in the light path. This problem can be minimized by careful siting of the optodes. In this study, they were deliberately placed high on the forehead where the overlying tissue thickness is at a minimum and the skull is relatively poorly perfused.
The presence of a proportion of effectively avascular tissue in the light path has direct effects on the calculated absolute values for CBF and CBV. It is likely that this tissue acts as static "dead space" with a near-constant attenuation and therefore does not contribute to the changing NIRS signals. However, the DPF used in these calculations (5.93) assumes that all tissues in the light path contribute to the changes in [Hb] and [HbO,] . The effect of this assumption is significant. For instance, if we assume that the effective cerebral pathlength is 2758 MEASUREMENT OF ADULT CEREBRAL HEMODYNAMICS BY NIRS -50% of the total, then the calculated absolute CBF and CBV would be doubled. Further modeling of the contribution to the NIRS signals of noncerebral tissue is needed to clarify the accuracy of absolute measurements. CBF. The CBF data agree well with those obtained using PET wherein high-and low-flow compartments were identified with mean flows of 55 t 12 and 22 t 5 ml l 100 8-l. min-l, respectively (18) . The NIRS data showed a consistent pattern of variation of CBF at different t 'ime intervals after the washin of the tracer with an initial high flow followed by a fall and then a slight rise to a second maximum. This phenomenon may best be explained by considering the distribution of cerebral vascular transit times as bimodal. The early measurements (within the 1st O-l s) detected a rapid transit compartment while the later values (l-4 s) represent slower transit times, the tracer having already reached a steady state in tissue where the transit time was rapid. These findings are similar to those obtained with 133Xe clearance for which it has been shown that at least two curves are needed to fit the data (11), and this has been widely interpreted as representing different flow rates in gray and white matter (34) . A similar bimodal distribution has been shown to exist in the cerebral microcirculation (15) .
If the 133Xe CBF data are combined with measurements of CBV obtained by PET (18), then mean transit times of -3.5 s for gray matter and 9 s for white matter can be calculated. Because the minimum transit time must be less than this, these values are consistent with the hypothesis that there is a bimodal distribution of transit times, which may be due to different compartments such as cerebral gray and white matter. An alternative explanation for the variation of measured CBF with measurement time is that the minimum cerebral transit time is <l s and that the initial plateau region of the flow curve cannot be defined using 0.5-s data collection.
On the basis of a minimum calculated transit time of 1.5-2.0 s and assuming that these were normally distributed, a constant calculated value for CBF during the first 1.0-1.5 s would be expected. Our results, however, fail to demonstrate this. The likely explanation is that the NIRS measurement was made in a relatively large volume of tissue with a distribution of arrival times of the HbO, tracer as well as of transit times. The distribution of arrival times was likely to have varied bY UP to tl s, although to our knowledge there is little i nform ation on this aspect of the cerebral circulation.
The measured data represent a convolution of these two distributions, and hence the calculated flow is unlikely to show a constant initial value.
CBV. There have been many studies involving the measurements of CBV in adult humans (13, 20, 23) . Using single-photon emission computed tomography, Sakai et al. (23) found the mean CBV in a group of normal adults to be 4.81 t 0.37 ml/100 g. Overestimation of the DPF, as discussed above, may have caused the CBV values presented here to be lower than expected. The oscillation of the SaoZ signal made the accurate estimation of changes over a set time period difficult. In further studies oscillations could be minimized by maintaining Sa,, at >90%. Although in the adult there is a considerable variation between measured PtcCoz and arterial PCO, (Z), the transcutaneous blood gas monitor provided trend information to show that Ptc,,, did not change appreciably during the course of the measurements.
Arterial blood samples for analysis of absolute blood gases were notI obtained. Some of the intersubject variation could therefore be attributed to different arterial PCO, levels in each subject.
Assumptions in measurement of CBF and (IBV by NIRS. The techniques described here for the measurement of CBF and CBV using NIRS rely on using a small change in HbO, as an inert intravascular tracer and assume that I) a significant proportion of the tracer is not consumed during the measurement period and 2) the change induced in arterial oxygen concentration ([0,]) does not have a significant effect directly on the parameters being measured. The validity of these assumptions requires consideration.
During a measurement of CBF any diffusion of the added oxygen from the capillary bed will cause the arterial measurement of the total tracer input to be an overestimate of the quantity of tracer delivered, thus resulting in a underestimate of the calculated CBF. However, it can be shown that for a small step change in Sao, within the physiological range (90-95%) the proportion of oxygen delivered to the cerebral circulation lost due to diffusion into the cerebral tissue is ~3% (see APPENDIX). The resulting error in CBF calculation is directly dependent on the size of the step change in Sao2, and at the levels quoted it is acceptable. During measurements of CBV the system is allowed to reach an equilibrium state so that the effect of diffusion will merely be a time offset between the change in Sao, and [Hbdiff] and hence can be neglected for slow changes in Sa+.
The relationship between arterial oxygen content and CBF has been thoroughly investigated over the last few decades. It has been demonstrated in both humans and animals that small changes in arterial blood oxygenation close to the normal range have little effect on CBF or cerebral oxygen extraction (24). Specifically, the effects of high normal values for Pa,, are small so long as they remain at ~14 kPa. The exact mechanisms of the cerebrovascular response to Pa,, are still unclear as is the time taken for the response to occur. NIRS itself continuously monitors the changes in [Hb,,] ([Hb,,,]) and as such gives a direct indication of the effect of changes in Pa,, on CBV. It was seen during the CBF measurements that in most subjects the sudden increase in SaoZ was associated with an immediate small decrease in [Hb,,] .
Over all 10 subjects this decrease represented a mean fall in CBV of 2% and as such is unlikely to have contributed a significant error to the calculation of CBF.
Both measurements depend on the cerebral metabolic rate remaining constant during the small changes in Sao,. It is reasonable to assume that in healthy resting adults the cerebral metabolic rate does not change over the short measurement period necessary for calculation of CBV and CBF.
The measurements described in this paper were performed on healthy adult volunteers who could tolerate Sao, levels of -90%. However, in clinical studies in which subjects are likely to be more vulnerable to desaturation, changes in Sa,, of as little as 3-4% have been successfully used to provide data from which to calculate CBF and CBV (unpublished observations).
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Memurement ofSmco2. Although NIRS measures changes in [HbO,] and [Hb] , the relative contribution of the arterial, capillary, and venous compartments to these signals and hence to the calculated Smcoz could not be estimated. However, the mean calculated Smc, of all subjects agreed well with standard values for cerebral mixed venous saturation measured at the jugular bulb. Smco, was calculated at a lower than normal Sao, (91.8 t 2.4%) and as such underestimated the normoxic value. If it is assumed that in equilibrium when Sao, was increased the oxygen saturation of all compartments changed equally, then the SmcOz would have been 67.6 t 13.8% at a normoxic Sao, of 98%.
The oscillations in [Hb,,,] and [HbJ were very small (-0.5 pmol/l) when subjects were breathing room air. Because oscillation of heart rate and venous return was still occurring with respiration, this finding implies that neither of these factors significantly affects CBV or CBF under normal resting conditions in healthy subjects.
Oscillation of Sa, and AURS data. In the experiment performed on subject A, the frequency of the oscillation of Sa,, and [HbO,] corresponded very closely with the respiratory rate. Considering the dissociation curve for normal healthy adults, an Sa,, of 90% is equivalent to the elbow of the curve where a small change in Pa,, produces a large change in Sao,. It is known that with each breath alveolar PO, transiently increases and decreases with inspiration and expiration, respectively. These small changes in alveolar PO, are enough to produce fluctuations in Pa,, levels, which, in turn, are recorded as more significant swings in Sao,. Once FI,, is increased to normal levels, the Pa,, values correspond to the upper flat region of the dissociation curve. Sao, then becomes far less sensitive to small changes in Paoz, and the small respiratory fluctuations in alveolar PO, have no recordable effect. Because the Sao, oscillation observed here was related directly to breathing rate , even the basic signal averaging incorporated in most pulse oximeters (typically 3-8 s) would smooth out the signal, making this "respiratory oscillation" barely noticeable during routine clinical monitoring at hypoxic levels.
There are at least three well-defined physiological effects contributing to the oscillations seen on both the Hb and HbO, traces: I) changes in [HbO,] at an Sa,, of <90% due to alveolar PO, swings with respiration (discussed above), 2) changes in venous [ HbO,] and [ Hb] due to respiratory swings in venous back pressure from the heart, and 3) changes in arterial [Hb] and [HbO,] due to cardiac output changes that may occur with respiration. NIRS provides a global measure of tissue oxygenation, which does not permit the separation of these effects.
If one assumes that the time delay between the [HbO,l and Sa, signals represents transit times from the common carotid artery to the cerebral microcirculation in healthy adults, it could perhaps be used as an indicator of cerebral circulatory efficiency or vessel patency.
Conclusion. The data presented here are the first quantitative measurements by NIRS of CBF, CBV, and Smc,, in adults. The results are encouraging and lead us to conclude that NIRS is a useful noninvasive portable technique for the measurement of these indexes of cerebral hemodynamics and oxygenation. The technique allows repeated measurements to be made at the bedside and in tneater with mi mmum aisturbance to otner momtoring and treatment procedures. The high sampling rate available with the NIRS has introduced an increased temporal resolution into the measurements and has enabled respiratory-and cardiac-related effects on the cerebral circulation to be monitored continuously. Further studies are required to clarify the underlying physiological mechanisms.
APPENDIX
Calculation of proportion of tracer lost to tissue diffusion during CBF measurement. For the normal adult, at an Sao, of 100% [O,] in the arterial blood can be calculated from knowledge of [Hb,] (15 g/l00 ml = 0.15 g/ml), the oxygen-carrying capacity of hemoglobin (1 mol hemoglobin = 4 mol oxygen), and MW, (64,500, neglecting the contribution of dissolved oxygen in the plasma)
:. blood [O,] = (0.15 X 4)/64,500 = 9.3 pmol/ml :. oxygen delivery to brain = CBF X 9.3 pmol + 100 g-' . min Normal adult CBF equals 50 ml l 100 g-' . min-'
:. oxygen delivery to brain = 50 X 9.3 pmol l 100 g-l l min-' = 465 pmol . 100 g-' l min-'
The [O,] in tissue can be derived from the tissue PO, and the solubility of oxygen in tissue. For tissue PO,, the solubility of oxygen in water at 37°C = 2.32 X 10D4 1. kg-'. kPa-' and dt = For a step change in Sao, from 90 to 95%, capillary oxygen hemoglobin saturation will change from -60 to 65% (27). Assuming the normal adult dissociation curve, this is equivalent to an increase in capillary PO, from 4.1 to 4.5 kPa, i.e., a 10% change in capillary PO,. It can be assumed that within the physiological range the tissue [0,] will also change by this amount 10% increase in tissue [O,] = 0.4 ~mol/lOO g If this diffusion takes place over a capillary transit time of 2 s (E), then the offloading rate of oxygen from capillary to tissue in this instance is 0.4/(2/60) = 12 pmol l 100 g-' . min-' :. loss of oxygen to tissue/oxygen delivery to brain
